packed with genes, have short introns and little repetitive DNA [18] . Microchromosomes are also seen in some but not all non-avian reptiles [19] so it is not a derived character specific to birds. But could it be that selection has favoured the maintenance of this form of genome organisation in the avian lineage as part of possible constraints on genome size? It would be terribly exciting to learn about chromosomal structure in non-avian dinosaurs but the outstanding question at present is: how? 13 The integration of tail-anchored membrane proteins at the endoplasmic reticulum occurs via a specialised ATP-dependent pathway, but the cytosolic factors involved have proven elusive. A novel ATPase that mediates this process has now been identified.
Catherine Rabu and Stephen High
Tail-anchored proteins are a specialised class of integral membrane proteins that display the bulk of their polypeptide chain to the cytosol and play key roles in numerous cellular processes including vesicular transport, protein translocation and apoptosis. These proteins are characterised by a carboxy-terminal hydrophobic transmembrane domain, the location of which dictates that their membrane integration must occur post-translationally ( Figure 1 ). Whilst tail-anchored proteins are inserted into several different eukaryotic organelles, many studies have focused on their membrane integration at the endoplasmic reticulum (ER), from where they can also reach locations throughout the secretory pathway [1, 2] . From the outset it was apparent that the targeting and integration of tail-anchored proteins was distinct from the classical co-translational pathway [3] . Hence, early studies showed that the integration of the tail-anchored protein cytochrome b 5 was quite unusual and did not rely on the signal recognition particle (SRP) [4] . A major development in the field arose from the study of another archetypal tail-anchored protein, synaptobrevin 2, providing definitive proof that the post-translational integration of tail-anchored proteins requires ATP [5] . This study also developed the use of short carboxy-terminal extensions, in this case incorporating a site for N-glycosylation, to provide unambiguous evidence that tail-anchored proteins are correctly integrated into the membrane [5] ( Figure 1) . A role for ATP [6] [7] [8] [9] , and in some cases GTP [9, 10] , for the efficient post-translational insertion of several different tail-anchored proteins is now well established ( Figure 1 ). Furthermore, there is good evidence that the ATP dependency reflects a role for molecular chaperones [7, 9] . Until now, the identity of these putative chaperones has been unclear and attention has focused on likely candidates such as Hsc70 [9] . A recent paper now suggests that a completely new component plays a key role in mediating the ATP-dependent delivery of many tail-anchored proteins to the ER [11] .
Stefanovic and Hegde [11] used the b-subunit of the Sec61 translocon as their model tail-anchored protein and, using both cross-linking and co-immunoprecipitation analyses, identified a strong post-translational interaction with a 40 kDa protein present in the reticulocyte lysate that is typically used for in vitro translation reactions. The authors showed a clear correlation between Sec61b binding to the 40 kDa protein and post-translational membrane integration, suggesting that this component could facilitate the process. The authors then went on to scale up the in vitro translation reaction several hundred-fold and immuno-isolated enough material to identify the 40 kDa binding partner as Asna-1 (provisionally named transmembrane domain recognition complex (TRC) 40 [11] . Asna-1/TRC40 is the mammalian orthologue of Arr4p/Get3p in Saccharomyces cerevisiae and of a bacterial ATPase (ArsA) that is involved in arsenite efflux [12] . It seems likely, however, that the eukaryotic protein has a quite distinct role(s) from its prokaryotic relation [11, 13] . Having raised antisera to Asna-1/TRC40, Stefanovic and Hegde [11] confirmed the identity of the Sec61b-Asna-1/TRC40 cross-linking product by immunoprecipitation and showed that Asna-1/TRC40 binds a number of different tail-anchored proteins, suggesting a widespread function.
When cytosolic components target a precursor to a specific subcellular destination, the targeting factor is typically released at the membrane -a process well established for the SRP [3] . In vitro studies suggest that the Asna-1/TRC40 protein behaves in a similar way, as it is released from tail-anchored proteins by the addition of ER-derived membranes [11] . Furthermore, the binding of Asna-1/TRC40 to tail-anchored proteins is promoted by the hydrophobic tail-anchor [11] , as is also the case for the interactions of these proteins with both SRP [10] and Hsc70 [9] . Thus, Asna-1/ TRC40 has several of the hallmarks one might expect of an ATP-dependent targeting factor and the authors therefore looked for functional evidence of such a role. Given that Asna-1/TRC40 is an ATPase, they made a point mutation known to disrupt the ATP-binding site and showed that this mutant has a dose-dependent, dominant-negative effect upon the membrane integration of Sec61b and several other tail-anchored proteins [11] . In contrast, the membrane integration of the tail-anchored protein cytochrome b 5 was hardly affected, consistent with Asna-1/TRC40 displaying some degree of substrate specificity amongst tail-anchored After translation is complete and the nascent chain is released from the ribosome, it appears that newly made tail-anchored proteins can be delivered to the membrane of the ER via one or more different pathways that are mediated by different cellular factors. Current evidence suggests that the ATP-dependent route may have two branches that are mediated by Asna-1/TRC40 [11] and Hsc70-Hsp40, respectively [9] . The GTP-dependent route is clearly distinct and is facilitated by the SRP acting in a novel post-translational mode [9, 10] . Whilst the SRP-dependent route requires its cognate ER-localised receptor ( [10] , but see also [11] ), the receptors shown for the Hsc70-Hsp40 and Asna-1/TRC40 complexes are at present hypothetical. Inset grey box: in order to provide unambiguous evidence that tail-anchored proteins are fully integrated into the lipid bilayer, rather than being very tightly bound to its cytosolic face, short carboxy-terminal extensions have been used to establish both N-glycosylation [5, 9] , and membrane-dependent protection from protease digestion [11, 14] .
proteins, as previously suggested for the binding of other cytosolic factors [9, 10] . Hence, whilst the interpretation of earlier studies was complicated by differences in the behaviour of particular tailanchored proteins, most notably cytochrome b 5 , there is now good evidence for multiple pathways of tail-anchored protein biosynthesis that may be used to varying extents depending on the precursor under study [1, 2, 14] (Figure 1) . In contrast to its inhibition of tail-anchored protein integration, the dominant-negative Asna-1/TRC40 mutant was shown to have no effect upon the membrane integration of co-translational precursors. Thus, the Asna-1/TRC40-mediated targeting of tail-anchored proteins to the ER occurs entirely independently of the well-defined, SRP-dependent co-translational pathway [11] . In addition to the identification of the Asna-1/TRC40 protein as a novel cytosolic chaperone, an exciting feature of the study by Stefanovic and Hegde is the possibility that Asna-1/TRC40 binds to a specific ER-localised receptor (Figure 1) , and the suggestion that this interaction is pivotal to an ATP-dependent, Asna-1/TRC40-mediated pathway [11] . The putative role of ER membrane components in mediating the biogenesis of tail-anchored proteins has been contentious, to say the least [5] [6] [7] [8] 15, 16] . Hence, any progress in understanding events at the membrane will be most welcome. An obvious caveat to most of the studies outlined above is their reliance on in vitro systems that are specifically designed to artificially separate the synthesis of a tail-anchored protein from its subsequent delivery to the ER membrane -a situation that may not accurately reflect the process occurring in a typical eukaryotic cell. These in vitro approaches have now implicated three different cytosolic complexes in the delivery of tail-anchored proteins to the ER, namely the SRP [10] , Hsc70-Hsp40 [9] and Asna-1/TRC40 [11] . These components provide an obvious starting point for future studies aimed at addressing their physiological roles during tail-anchored protein biosynthesis. pathways, which are independent of the transcriptional function of b-catenin, and instead often modulate the actin cytoskeleton and cell adhesion. Non-canonical Wnt signaling is required for cell polarization and motility during vertebrate gastrulation and neural fold closure [1, 2] , and defects in this branch of the pathway have been implicated in common human birth defects such as spina bifida [3] . However, the
